Introduction
Traumatic brain injury (TBI) is a significant health problem in the developing and industrialised world 1, 2 . The lack of an effective neuroprotective or neurorestorative therapy for TBI drove researchers to look for potential therapeutic targets, which are amenable to pharmacological intervention, within the secondary injury mechanisms. The hallmark of the secondary phase of TBI is a triad of excitotoxicity, free radicalinduced lipid peroxidation (LP) and Ca ++ dysregulation [3] [4] [5] . Glutamate release after injury causes an influx of Ca ++ into neuronal cells via activation of NMDA receptors 6 . Activation of NMDA receptors has been shown to contribute to post-traumatic LP 7 probably via causing an early increase of cytosolic Ca ++ which ignites the production of free radicals by several mechanisms 8 including the Ca ++ induced activation of phospholipases and arachidonic acid cascade, conversion of xanthine dehydrogenase to xanthin oxidase, induction of nitric oxide synthase (NOS) and mitochondrial leak. The ignited reactive species will attack cellular and mitochondrial membranes causing LP 9 . The inflicted oxidative damage causes further deterioration of Ca ++ homeostasis 10 probably by targeting mitochondria and stimulating the formation of the membrane permeability transition pore 11 which contributes to delayed Ca ++ dysregulation 12 .
Indeed, mitochondria are central to Ca ++ homeostasis 13 by acting as an intracellular Ca ++ buffer 14 . However, the resulting mitochondrial Ca ++ loading has been shown to induce mitochondrial generation of reactive oxygen species (ROS), reactive nitrogen species (RNS) and their highly reactive free radicals [15] [16] [17] . Thus, Ca ++ -loaded neural mitochondria become a target of these free radicals which initiate mitochondrial membrane LP and protein modifications resulting in irreversible loss of mitochondrial functions such as mitochondrial respiration, oxidative phosphorylation and ion transport rendering mitochondria dysfunctional 18, 19 and decreasing mitochondrial Ca ++ buffering capacity 20 . This deteriorated mitochondrial function and ultimately failure due largely to LP-related oxidative damage is strongly implicated in neuronal cell death 21, 22 . Moreover, the resulting build-up of cytosolic Ca ++ will also contribute to neuronal degeneration through massive activation of cellular proteases like calpain 23 ( Figure 1 ). The aim of this review was to discuss the role of free radicals and reactive species following TBI.
Discussion
The authors have referenced some of their own studies in this review. These referenced studies have been conducted in accordance with the Declaration of Helsinki (1964) , and the protocols of these studies have been approved by the relevant ethics committees related to the institution in which they were performed. All human subjects, in these referenced studies, gave informed consent to participate in these studies. Licensee shifts in favour of HO 2 • which is much more reactive than O 2
•-, particularly towards lipids.
Iron is abundant in the CNS and is in part responsible for the increased susceptibility of the brain to oxidative damage, particularly LP 27 . Because it is a strong inducer of LP, the levels of low molecular weight forms of redox-active iron are tightly regulated and maintained at extremely low levels under physiological conditions. Regulation of iron levels is carried out by specialised proteins in both intracellular and intravascular compartments. Iron in the ferric (Fe +++ ) form is sequestered and kept dormant by transferrin and ferritin in the plasma and in cells, respectively. Nonetheless, following TBI, iron homeostasis is disrupted by acidosis and haemorrhage. Binding affinity of iron to both ferritin and transferrin is a function of pH value. Lowering pH is reported to increase iron solubility and mediate its delocalisation from an inactive to an active redox state 28 . Indeed, following TBI, the ensuing acidosis compromises the binding Figure 1 : Formation of reactive oxygen species and reactive nitrogen species in the injured brain as a result of the post-traumatic brain injury excitotoxicity. These reactive species inflic lipid peroxidative damage to mitochondrial and cellular membranes which aggravates the loss of Ca ++ homeostasis and leads to more generation of reactive species. The deteriorated Ca ++ homeostasis leads to activation of cellular proteases and ultimately causing neuronal cell loss. 31, 32 . The increase in•OH levels immediately preceded an increase in LP and disruption of blood brain barrier following TBI 33 . The cerebral microvasculature seems to be the initial source of post-traumatic OH production 33, 34 ( Figure 2 ).
The Formation of peroxynitrite
Peroxynitrite (PN; ONOO -) is one of the most biologically relevant reactive species that is frequently produced and responsible for tissue injury in a variety of neurological disorders 35 . The formation PN; ONOO -, Figure 2 , results from reaction of O 2
•-with nitric oxide (•NO) radical, the latter produced by NOS 36 Currently, several lines of evidence indicate that PN has a critical role in the pathogenesis of secondary injury of TBI. The increased activity of all three NOS isoforms following TBI shed the light into the possible formation and involvement of PN in the secondary injury of TBI [40] [41] [42] . That notion was supported by the emergence of biochemical footprints of PN-mediated damage in rodent TBI paradigms including an increase in 3-NT levels 43, 44 , and adenosine diphosphate (ADP) ribosylation. Moreover, the isolation of mitochondrial NOS suggested that PN is also the main ROS generated in mitochondria 45 . The involvement of PN in TBI pathogenesis was further validated by Deng-Bryant and colleagues who showed that scavenging peroxynitrite-derived free radicals, by the nitroxide drug tempol, ameliorated the accumulation of 3-NT in injured brains and concomitantly improved neurological recovery 46 .
Free radical-induced LP in traumatised brain tissues
There is a plethora of data generated over the past three decades that consistently suggests that free radical-induced oxidative damage plays a major role in posttraumatic secondary injury to neurovascular structures after TBI 5 . In particular, LP-mediated oxidative damage is initiated after TBI by the action of free radicals generated from ROS and RNS (e.g., peroxynitrite) 35, [46] [47] [48] [49] , and is catalysed by an iron-dependent mechanisms. However, lipid peroxyl radicals (LOO•) are the central propagators of LP reactions across cellular and mitochondrial membranes which are detrimental to their structure and function 50 . Moreover, 4-hydroxynonenal (4-HNE), one of the toxic aldehydic by-products of LP 51 , has been shown to covalently bind to cellular and mitochondrial proteins further impairing their function. The ensuing lipid peroxidative damage seems to corroborate the loss of Ca ++ homeostasis by several mechanisms. It has been shown that the accumulation of 4-HNE impairs glutamate transport mechanisms 52, 53 which may increase the activity of NMDA receptors and hence prolong Ca ++ influxes. Moreover, it has been shown that LP damages membrane phospholipids architecture 5 which accentuate cell membrane permeability. This is evident by the occurrence of Ca ++ influxes in cultured cells following oxidant treatment, which was ameliorated by the LP inhibitor U-83836E 54, 55 [18] [19] [20] [21] 58 limiting the ability of mitochondria to buffer cytosolic Ca ++20 and even causing a dramatic increase in cytosolic Ca ++ by dumping the matrix load of Ca ++ via formation of MPTP 18, 59 . The LP-mediated Loss of Ca ++ homeostasis is an important inducer of pathology following TBI 60, 61 ( Figure 3) . Initiation of LP (Figure 4 ) occurs when a reactive radical species such as •OH reacts with an allylic carbon (carbon surrounded by adjacent double bonds) and extracts a hydrogen (and its single electron) from a polyunsaturated fatty acid (LH) 5 ;
LH + R• L• + RH
In the process, the initiating radical is quenched by receipt of the hydrogen electron from the LH. This, however, converts the LH into a lipid or 'alkyl' radical (L•). This 'initiation' phase sets the stage for a series of 'propagation' reactions which begins when the alkyl radical reacts with molecular oxygen creating a lipid peroxyl radical (LOO•) 5 ; 
Ultimately, lipid peroxidative damage is concluded by scission reactions leading to liberation of reactive aldehydes such as 4-HNE from neural membranes. 4-HNE is a very neurotoxic compound. Its neurotoxicity is the result of its ability to bind basic amino acids in cellular proteins. Such post-translational modification of proteins is frequently implicated in the loss of function of a variety of structural and enzymatic cellular proteins 62 . Moreover, 4-HNE has been shown to interact with nucleic acids forming DNA adducts that predispose for serious cellular mutations 63 . The aforementioned reactions of 4-HNE pave the way for post-traumatic neurodegeneration. The significant role of the free radical-induced lipid peroxidative damage in post-TBI neuronal loss is evident through many reports showing that antioxidant therapies that mitigate LP enhance neurological outcome after TBI 5 .
Conclusion
Accumulated body of work continues to document not only the formation of reactive species after TBI but also the formation of their biological markers in injured brain tissues. The formation of free radicals and reactive species is a significant event after TBI and is implicated in accentuating other elements of the secondary injury c ascades including mitochondrial dysfunction, Ca ++ dysregulation and activation of cellular proteases. The significance of these reactive species has been validated by many reports showing the virtues of scavenging these reactive species and/or their reactive by-products as a potential cure for TBI. 
